Abstract-In order to overcome the problems facing Cr-Cu-Au metallization, such as discoloration, diffusion of Cu into Au, a four-layer metallization Cr-Cu-NiP-Au is demonstrated on alumina substrate for microwave integrated circuit (MICs). A amorphous and nonmagnetic NiP barrier layer is used to avoid the diffusion of Cu into Au through the grain boundaries, which are the low activation energy path for diffusion at moderate temperature.
INTRODUCTION
Microwave Integrated Circuits are an important element of the subsystems of communication and microwave remote sensing payloads. The fabrication process of MIC starts with metallization. Therefore, metallization of the substrate is an important aspect of fabrication of microwave integrated circuits [1] . Metallization is a well-developed technology for the fabrication of integrated circuits based on silicon substrates and microwave integrated circuits based on alumina substrates, etc.
There are a number of metallization systems, such as Cr-Cu-Au, Cr-Au, and TiW-Ni-Au, over bare alumina substrate. Sputtering and vacuum evaporation processes are used for the metallization. Electro-deposition or other processes may be used to further increase metallization thickness. Each of these metallization systems has both merits and demerits.
Copper and gold, highly conducting metals, are widely used in the semiconductor industry and elsewhere [2] . Copper is a promising interconnect material because of its lower electrical resistivity (bulk, 1.67 µohm-cm) and higher resistance against electromigration than aluminum and its alloys [3] . A possibility to increase materials performance for different applications is to protect them by coating. Thin gold coating is used over copper surface to prevent oxidation of the copper because gold does not oxidize but dissolves into the solder materials. However, gold cannot be plated directly onto the copper because copper would diffuse into the gold and form an easily oxidable compound [4] . Moreover, even at a temperature as low as 200 • C, copper diffuses into gold, which deteriorates the performance [5] . Therefore, it is necessary to insert a barrier between copper and gold to isolate the copper so that gold can be directly plated on the top of barrier layer in order to reduce the limitations of the sputtering and vacuum evaporation processes [6] . In addition, barriers must not only be successful in retarding the copper diffusion but also have good adhesion performance, solderability, and bondability. Electroless nickel immersion gold finish is a widely used process in many industries, including microelectronics and printed circuit board manufacturing to protect the copper circuit from oxidation [7] . This process is simple and requires fewer chemicals and less machine maintenance. Without any metal waste, both sides of the substrate can be coated in one operation. Thus, total time required to coat a substrate is considerably less than that in the sputtering and vacuum evaporation processes.
The aim of the present work is to study the properties of this metallization system, such as sheet resistance, adhesion strength, solderabilty, bondability and effect of the thermal cycling test. In order to evaluate the microwave behavior of this metallization for MIC's, a multi-section broadband power divider has been fabricated. A comparative study of the microwave losses in microstrip configuration for multi-section broadband power divider realized on this metallization and on Cr-Cu-Au metallized alumina substrate has been carried out. 
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Cr-Cu-NiP-Au metallized Alumina Figure 1 . Flow chart for electroless Ni and Au plating.
EXPERIMENTAL METHOD
Electroless technique is used for nickel deposition. This is a complex technique and requires surface activation by a Pd. In the conventional technique, nickel ions are formed as a result of reduction of nickel solution in the presence of a catalyst (viz., Pd). Prior to metallization of electroless nickel, Cr-Cu metallized substrates were cleaned sequentially as given in the Figure 1 . Thin nickel film (0.5-5.0 µ) was deposited on the cleaned and micro-etched surfaces of Cr-Cu metallized alumina substrate. Subsequently, a gold layer (1.5-2. µ) was deposited by using non-cyanide gold bath at a temperature of 95-98 • C. These metallized substrates were annealed at 180 • C in ambient for one, two and three hours.
RESULTS AND DISCUSSION
Thickness Measurement
Thickness of all the samples was measured by coating measuring instrument, based on XRF principle at SAC. Uniform plating is obtained. Results are given in Table 1 . 
Thermal Cycling Test (TCT)
To evaluate the thermal stability of this metallized structure, thermal cycling test was carried out in accordance with MIL-STD-883. Graphical representation of TCT is given in Figure 2 . 
Sheet Resistivity Measurement
Sheet resistivity of all samples was measured by DC four-probe method before and after the thermal cycling test (TCT) as well as after annealing. The results are given in Table 2 . Sheet resistivity before and after the thermal cycling and annealing remains the same or decreases because of improvement in the crystallinity. Since sheet resistivity is not increasing as the consequence of thermal cycling and annealing, Cu is not diffusing into Au. It means that NiP is acting as an effective barrier layer for Cu diffusion. 
Adhesion Test
Adhesion was tested destructively after engraving the adhesion pattern by stud pull test method. It was found that adhesion strength for CrCu-NiP-Au metallized substrate is greater than 590 Kg/cm 2 because epoxy failure occurs for the force 33.59 Kg, but pad remains as it is.
Therefore, this metallization shows the excellent adhesion according to the MIL-STD-883.
Bondability Test
Bond strength was tested for 20-mil ribbon bond by pull test method. Ribbons were bonded by parallel gap method. It was found that bond strength of 20 mil gold ribbon is greater than 100 gm. Pull test and visual inspection imply that this metallized substrate meets the ribbon bonding criteria according to the MIL-STD-883.
Solderability Test
With the trend of miniaturization of electronic devices, the electronic industry faces many new challenges. Solder joint reliability is one of them. Wetting balance analysis, a quantitative test, was used to characterize the wettability. It measures the wetting forces imposed by the molten solder on the test surface as metallized substrate is dipped into and held in the solder bath as a function of time. This metallization passes this test and shows excellent wettability hence solderability.
To evaluate the solder joint strength, die-sheer test is also carried out on capacitor (CDR2) mounted on conducting pads of MICs fabricated on substrate by reflow soldering method. Solder joint strength is found to be 3.7836 Kg while required 0.9 Kg according to the MIL-STD-883, Cr-Cu-NiP-Au metallization show excellent solder joint strength. The result is shown in Table 3 . 
Microwave Characterization
To characterize losses, a multi-section broadband Wilkinson power divider was fabricated on the Cr-Cu-NiP-Au metallized alumina substrate. Fabricated multi-section broadband Wilkinson power divider on Cr-Cu-NiP-Au metallized alumina substrate and its layouts are shown in Figure 3 and Figure 4 , respectively. The dimension of the broadband Wilkinson power divider is 25 mm * 14 mm, so the whole micro stripe circuit is confined within a 1 inch * 1 inch substrate.
The size of the resistor is 2.5 mm * 1.2 mm. The design details are described somewhere else [8] . A two-port network analyzer along with an attenuator of 60-dB (with a characteristic impedance 50 ohms for third port) was used in this experiment. Isolation, insertion, and return loss were measured across a range of frequencies (0 to 6 GHz) in decibels. Input (|S 11 |)/output return loss (|S 22 |) and insertion loss (|S 21 |) were measured by connecting the input port of the power divider to the input of network analyzer and one of the output port (port number 2) of the power divider to the output port of network analyzer while keeping the second output port (port number 3) of the power divider attenuated by using an attenuator of 60-dB. S 22 , and S 21 are presented as dB vs. GHz as shown in Figure 5 . Input (|S 11 |)/output return loss (|S 33 |), and insertion loss (|S 31 |) were measured by connecting the output port of network analyzer to port number 3 and attenuator to port number 2. S 11 , S 33 , and S 31 are presented as dB vs. GHz as shown in Figure 6 (in figure number 6, S 22 is S 33 , and S 21 is S 31 ). Isolation (|S 23 | that in our experiment is |S 21 |) was measured by connecting both output ports 2 and 3 of the power divider to both the ports of network analyzer and putting attenuator to port 1. S 23 is presented as dB vs. GHz as shown in Figure 7 . Input/output return loss, insertion loss data, and isolation (|S 23 |) were compared for the same power divider realized on Cr-Cu-Au metallized alumina substrate and given in Table 4 . S 11 , S 22 and S 21 for Cr-Cu-Au metallization are presented as dB vs. GHz as shown in Figure 8 while S 11 , S 33 and S 31 in Figure 9 (in figure number 9, S 22 is S 33 , and S 21 is S 31 ). Isolation for Cr-Cu-Au metallization is shown in Figure 10 .
From Figure 5 and Figure 6 , we can observe insertion loss value 3.3478 dB at the centre frequency 2.5 GHz and bandwidth of 4 GHz (0.5-4.5 GHz) approximately. Amplitude imbalance abs (S 21 -S 31 ) and phase imbalance abs (phase (S 21 )-phase (S 31 )) are approximately the same as that realized on Cr-Cu-Au metallized alumina substrate. From this experiment, we conclude that the presence of NiP in between Cu and Au does not degrade the performance of broadband power divider. In future, experiments and test specimen will be refined to collect more comprehensive data. The test specimen will include resonator structures that will allow differentiation among conductor and dielectric losses. 
CONCLUSIONS
Thin NiP films of different thicknesses were obtained successfully to keep the gold plating thickness constant. Visual inspection carried out for all the samples implies that plating thickness is uniform. This metallization Cr-Cu-NiP-Au passed thermal cycling test. Besides, sheet resistivity remains the same or improved, which implies that Cu diffusion does not occur in Au layer and that NiP acts as a good effective barrier layer for Cu diffusion.
Cr-Cu-NiP-Au metallized substrate shows excellent adhesion, bondability, wettability, and solderability.
No degradation was observed in performance of the multi-section power divider realized on Cr-Cu-NiP-Au (thickness 12-12.5 micron) metallized substrate in comparison with Cr-Cu-Au metallization (thickness 5-6 micron) in terms of insertion loss, return loss. NiP not only works as effective barrier layer but also improves adhesion, bondability, wettability and solderability excellently when it is inserted in between Cu and Au in Cr-Cu-Au metallization structure.
